Introduction
Plants growing together in pasture swards must be able to adapt to changes in their environment and to capture growth resources in the presence of competitors, in order to contribute usefully to pasture botanical composition and yield. This depends not only on their morphological and physiological characteristics but also on their ability to make morphological and physiological adjustments, i.e. on their phenotypic plasticity (Schlichting, 1986) .
Competitiveness, at least for agronomic purposes, is often defined by relative yield, i.e. the ratio of yield in mixture to that in monoculture. In mixed swards, the genotype with the higher relative yield is regarded as the more competitive. By this definition, competitiveness is the ability of plants of one genotype to capture growth resources in the presence of another genotype, relative to their ability to capture such resources in pure stand. Preempting of growth resources by one plant to the disadvantage of another may result in dominance of the stronger competitor. In pastures comprising mixtures of genotypes, management is often directed to preventing or correcting such dominance, which may occur at particular times of the year or in particular circumstances of production.
Plant competitiveness in swards is thus likely to be affected by genotype and by environmental and management factors (van den Berg, 1968; Grime, 1979; Berendse and Elberse, 1990) . The response to these factors is mediated through physiological and morphological characteristics or traits and their adjustment. First, in this chapter, those traits that characterize individual pasture genotypes and affect competitiveness through the capture and utilization of light, water and nutrients will be reviewed. This will be followed by the broader question: 'How far does genotype regulate or influence competitiveness and competitive interrelationships in pasture mixtures? ' Environmental factors, such as temperature, moisture and day length, affect growth of different genotypes in different ways and thus may affect their relative competitiveness. Similarly, soil physical properties (porosity, texture, moisture-holding capacity) and chemical properties (pH, nutrient status and ion-exchange capacity) may affect the relative competitiveness of species in mixture (Harper, 1977) . Understanding genotypic adaptation to a set of environmental conditions can assist pasture management decisions (the choice of cultivars, fertilization, irrigation, defoliation regimes, grazing, utilization and pest control). Therefore it will also be important to know if the relative competitiveness of associated genotypes depends on how well they are adapted to the environment. This question will be considered finally in this chapter.
Morphological and Physiological Traits Affecting Competitiveness
Morphological and physiological characteristics have been suggested as affecting competitiveness where there are significant correlations between these factors and measurable success in mixture.
Shoot characteristics
Plant size has been shown to be highly correlated with competitive ability. Thus, Gaudet and Keddy (1988) in a comparison of 44 wetland test species for their short-term effect on the biomass of a phytometer (plant on which the competitive effect of a test plant is measured), showed that competitive ability of the test plants relative to the phytometer was highly correlated with their above-ground biomass and associated traits, such as plant height and canopy area. This correlation applied to test plants grown both alone and in mixture. Rösch et al. (1997) also obtained high correlations between the competitive effect of some pioneer desert test plants on phytometer biomass and traits measured on these test plants grown singly. Again, plant traits of significance were those associated with plant size and leaf area, such as leaf area ratio (LAR) (leaf area per unit whole plant or shoot mass) and specific leaf area (SLA) (leaf area per unit leaf mass), rather than root production and plant reproduction. An equation comprising only maximum shoot mass and maximum SLA accounted for about 83% of the competitive effect.
In pastures, it is common to find that grasses supplied with optimum N are more highly productive than pasture legumes. For example, Davidson and Robson (1986) quote maximum annual values of 12 t ha −1 and 8 t ha −1 for grass and clover, respectively, in the UK. This difference in potential is probably at least partly responsible for the commonly experienced suppression of legumes by productive grasses supplied with high levels of N. Mahmoud and Grime (1976) found the same effect with mixtures of taller-and shorter-growing grasses, the taller dominating the shorter through shading.
It would seem likely that a high relative growth rate (RGR) (the increase in plant mass per unit of time per unit of plant mass) at an early stage of growth and competitive interference would confer a competitive advantage on a plant (Grime, 1979) . However, this was not found by Rösch et al. (1997) . RGR usually declines with time, but the decline may be less in a plant that maintains a high LAR and SLA. Furthermore, factors other than RGR may operate to determine competitive success. Thus Cocks (1974) found that, in mixtures of the annual grasses Hordeum leporium (barley grass) and Lolium rigidum (annual ryegrass), while ryegrass had the higher RGR and was usually the stronger competitor, barley grass competed successfully when it had a relative high density. This was because it germinated more quickly, had larger seedlings and was a superior competitor for nitrogen (N) in the early stages of growth. The last feature suggests the importance of rapid early root growth in conferring a competitive advantage.
Root characteristics
Several authors have related differences between grass species in competitive ability to traits of their root systems. Many of these studies have been done in pots and so are more relevant to the establishment phase of a pasture. Rhodes (1968a) grew Festuca arundinacea, Dactylis glomerata, L. rigidum and Phalaris arundinacea in monoculture and in substitutive mixtures with H1 ryegrass and with Phalaris coerulescens at two total densities. After 9 weeks, yield per plant was higher for plants of all species in association with P. coerulescens than in association with the ryegrass. That is, P. coerulescens was a weaker competitor than H1 ryegrass. Subsequent detailed studies of monocultures (Rhodes, 1968b) showed that, while the initial development of seminal and nodal roots was faster in P. coerulescens than in H1 ryegrass, after 2-3 weeks the ryegrass became superior in number and length of both seminal and nodal roots and in dry matter (DM) yield of roots and shoots. The relatively low seedling competitive ability of D. glomerata and F. arundinacea was also attributed to relatively slow initial root growth. These results were in keeping with the outcome of another study, in which F. arundinacea and P. coerulescens were grown with H1 ryegrass, at two densities and with separation of root and shoot competition. This study confirmed the importance of root competition in determining the superior competitive ability of H1 ryegrass, especially at the higher density. However, at the lower density, P. coerulescens was not inferior to H1 ryegrass, a result attributed to the good start to phalaris given by its earlier root development, before contact was made with roots of ryegrass. This example illustrates the transitory effect some plant traits may have on competitive ability and the importance of interaction with other factors, such as density, at least in the establishment phase of a pasture.
Nevertheless, species differences in competitive ability are often more persistent. For example, when seed of P. coerulescens, L. rigidum and H1 ryegrass were sown in association with established plants of each of the same species, both defoliated and undefoliated, all seedings grew better in association with P. coerulescens (Rhodes, 1968a) . Thus, as before, P. coerulescens was the least competitive and regarded as the species most open to invasion. An unidentified trait of the root system was again indicated as contributing to the species differences, but this time it was the established root system (10 weeks of age onwards) that was implicated.
Root production is not often measured in competition studies, but available evidence indicates that it is positively related to competitiveness. Baan Hofman and Ennik (1982) found that size of root system was consistently and positively correlated with differences in competitive ability (as measured by relative reproductive rate and relative replacement rate) between six perennial ryegrass clones, even though shoot production was similar in all clones. Whilst it could not be concluded that the relationship was causal, it is pertinent that the root system of the stronger competitor contributed substantial net root production (measured in monoculture) over the four harvest months of the experiment, while root yield of the weakest competitor was at a standstill. Other clones were intermediate in competitiveness and root yield. These differences were reflected in differing root/shoot ratios, which were considered to be genetically based. The results suggest that differences in competitive ability were related to root activity as measured by net root growth. Using additional data, Ennik and Baan Hofman (1983) again concluded that competitive ability of their ryegrass clones was positively related to root mass, as measured in monocultures. They also used the technique of root partioning in mixtures of clones to further investigate root competition. In the later cuts of the experiment, the yield of the more competitive clone was larger where its roots were allowed to grow among those of the weaker competitor than where the root systems were kept separate; in contrast, the roots of the weaker competitor were further restricted and its yield reduced by competition from the stronger competitor. The differences in root growth were concluded to be genetic and occurred over a wide range of levels of applied N. However, the differences were greatest at intermediate N levels. At the highest N levels, root growth of both clones was lower and it seems likely that, in such a situation, competition becomes more closely related to shading by dense shoot growth than to root interference. This illustrates the well-known shading effect of applying high rates of N to pastures. The ryegrass clones were also grown with another species (Elytrigia repens, couch grass). In agreement with the previous results, the higher the root mass of ryegrass (measured in monoculture), the lower the yield of couch grass.
Root mass was also correlated with competitive ability in an experiment to test Tilman's hypothesis that the strongest competitor is the one that can reduce resources to the lowest level. Tilman and Wedin (1991) found that root mass accounted for 73% of the observed variance in soil nitrate levels, in studies to compare the ability of five grasses to reduce soil nutrient levels in a N gradient experiment. The late successional species (more successful competitors) reduced soil-solution N to the lowest level. Cahill and Casper (2000) designed an experiment specifically to measure the influence of neighbour root biomass, in a field dominated by grasses and thistles, on the strength of root competition experienced by an individual target plant of Amaranthus retroflexus. Target plants were transplanted into neighbour vegetation, either with full access from neighbour roots or with neighbour root access to the target plant impeded to varying degrees by root exclusion tubes having varying numbers of wall perforations to allow root entry. Shading of target plants by neighbours was prevented by tying back the shoots of the neighbour plants. Soil volumes allocated to each target plant were excavated and refilled with the same soil prior to transplanting, to ensure that no living neighbour roots were present at the start. Over 10 weeks up to harvest, target plant growth was closely related to the degree of root exclusion from these volumes. Below-ground competition intensity, defined as final target plant biomass reduction due to root interactions, relative to growth in the absence of neighbour roots, was highly correlated with neighbour root abundance in a quadratic relationship. These results, under natural field conditions, agree with those from less natural situations, mentioned above, examining the role of root growth and biomass in competition.
Combination of root and shoot characteristics
Considerable light has been shed on the relative importance of various plant traits for competitive ability by the experiment of Aerts et al. (1991) with the evergreen dwarf shrubs Erica tetralix and Calluna vulgaris (dominant on nutrient-poor heathland soils) and the perennial, deciduous grass Molinia caerulea (dominant on nutrient-rich heathland). They grew these species in field plots in monoculture and pairwise mixtures at low and high nutrient levels and with and without separation of shoot and root competition. Molinia was the only species whose root system penetrated the soil volume of the other species and it had a much higher allocation of its biomass to the root system than did the shrubs. Yet, in the low-nutrient treatments, Molinia had no significant effect on the total biomass per plant of either Erica or Calluna. It was concluded that, at low nutrient levels, the more aggressive root growth (and presumably nutrient uptake) of Molinia was balanced by the higher nutrient retention capacity of the shrubs (in contrast to the deciduous nature of Molinia). In another experiment quoted by Aerts and his colleagues, it had been found that the shrubs could outcompete Molinia if they were at a high enough density to reduce light interception by the grass at an early stage of its growth.
At higher nutrient level, the total biomass per plant of each shrub was significantly reduced by root and/or total plant competition from Molinia. Concurrently, the biomass per plant of Molinia was significantly increased. This effect was attributed both to the aggressive root growth of the grass and to its morphological plasticity, which, in association with the shrubs, enabled it to position its leaves higher than in the monoculture. No such plasticity occurred in the shrubs. Thus, in spite of a relatively low shoot : root ratio at the high nutrient level, Molinia was more competitive for light.
This experiment illustrates how various plant traits, probably having a genetic basis, including shoot and root morphology, acted differentially to determine the outcome of interspecies competition, depending on other factors, such as plant density and available nutrient levels. It was also pointed out (with respect to other work quoted by Aerts et al.) that the lower allocation of biomass to the leaves in Molinia as compared with Erica and Calluna is compensated for by its higher SLA. On the other hand, the lower biomass allocation to the roots of the shrubs compared with the grass is compensated for by their higher specific root length (SRL) (length per unit of root mass).
Other work that points to the importance of such shoot and root traits includes that of Svejcar (1990) , who proposed that Bromus tectorum was more competitive than Agropyron desertorum because it was more efficient (per unit of biomass) in producing leaf area and root length. In the period 40-60 days from sowing, B. tectorum had 12% more root DM and 56% more shoot DM than A. desertorum, while having more than twice the root length and leaf area. Genetic variation for root growth has also been observed in populations of white clover (Ennos, 1985) . In mixtures during drought, white clover with short roots that remain in the surface soil layer are more affected than types with longer roots that explore deeper soil layers. Laurenroth and Aguilera (1998) , in a review of plant-plant interactions in grasslands quoted cases where differential competitive ability of grasses was associated with ability to extend roots rapidly and deplete soil water and nutrients quickly or from deeper soil layers, or to invade root-free gaps and nutrient-rich patches, i.e. to pre-empt acquisition of soil resources. However, they found that such traits were not always present to explain differences in competitive ability.
Analysis of competition between species
The concepts discussed above have been used by Berendse (1994) to develop an analytical model for competition between perennial species at low and high nutrient levels. The model is designed in such a way that it integrates the forms of the de Wit, Lotka-Volterra and Tilman models (see Sackville Hamilton, Chapter 2; and Peltzer and Wilson, Chapter 10, this volume). The aim of the author was to 'introduce a theory that is sufficiently simple to allow analytical solutions, but nevertheless produces qualitative predictions about the effect of changes in nutrient supply that agree with experimental results'.
Given a plant density adequate for complete uptake of a limiting resource, the uptake of this resource by each competing plant population is taken as proportional to the fractional biomass contribution of each species to total biomass. For lownutrient situations, a function is introduced to convert the biomass of each species into its root length, its root surface or any other variable that determines the fraction of available nutrients that it can absorb. Another term, relative nutrient loss rate, is also introduced into the formula to account for losses of nutrients by abscission or death of plant parts and removal by grazers and parasites. Furthermore, the amount of nutrients in the plant is derived from nutrient concentration and biomass. From the equation, zero growth lines can be drawn (see Sackville-Hamilton, Chapter 2, this volume) to predict the circumstances when one species replaces another. For example, the equation predicts that the species with the lower relative nutrient requirement will become dominant if the larger nutrient losses from an associated species are not sufficiently compensated for by greater competitive ability for absorption of nutrients.
In the contrasting situation where nutrient availability is high and growth is regulated by the amount of irradiation captured by each competitor, the starting-point of the formula is an expression of the potential growth rate of the monoculture. Since the potential growth rate of each species in a mixture depends on the fraction of the total radiation it can intercept, the next most simple step for an analytical solution of the equation is the inclusion of terms to convert biomass into leaf area (via the LAR) and for losses of biomass (via relative loss rate). The conditions for a change in species dominance can be worked out. For example, in environments where the nutrient supply is sufficiently large, the species that was the weaker competitor at a low nutrient supply would become dominant despite greater losses, if these losses are compensated for by a higher potential growth rate. In other words, the difference between the potential growth rates overrides the difference between the relative loss rates of the two species. The model might be extended to determine the intermediate nutrient supply at which the competitive balance between the two species is reversed and at which coexistence is possible. Such determinations would have considerable practical value in pastures where the balance between species is commonly affected by regular inputs of nutrients (either natural or applied) and by other factors, such as temperature, rainfall and grazing, which may affect which species is dominant (see later). Berendse (1994) relates his model to the example discussed earlier in this chapter (Aerts et al., 1991) , where situations of Erica and Molinia dominance in heathland are analysed. Given the differences between the species in potential growth rate and relative nutrient losses, Berendse concludes that competition between these species appears to be a characteristic case, where the slow-growing species with the lowest loss rate (Erica) is superior under nutrient-poor conditions, whereas the species with the faster potential growth rate (Molinia) is superior in relatively nutrient-rich environments, in spite of its higher loss rate. Such a model, while very simple, provides a framework for analysing competitive situations. The plant traits chosen for use in the model, such as root length per unit biomass, root diameter, LAR, leaf thickness, relative nutrient loss rates and maximum growth rate, are measurable and appear appropriate for explaining the change in species dominance in heathlands. Such models can be used: (i) to provide qualitative predictions about which plant features lead to dominance of plant populations in environments with different nutrient supplies; and (ii) more specifically, to estimate the contribution of various plant traits to competitiveness and to define the conditions under which plants tend to dominance in mixtures with other plants. Thus, such models go hand in hand with and guide research on competitive relationships.
Response to grazing and cutting
In grazed pastures, grazing, both non-selective and selective, may change a trend to dominance by one component. Residual leaf area after grazing becomes important in determining which species in a mixture initially intercepts more light for regrowth. However, Nassiri and Elgersma (1998) concluded that residual leaf area was less important than both the rate of increase of leaf area index (LAI) (growth rate) and SLA in determining the composition and growth of perennial ryegrass-white clover mixtures. They compared binary mixtures of three clover cultivars and two ryegrass cultivars, cutting to 5 cm above ground level. 'Aggressivity' was expressed by the slope of the linear regression between weekly estimates of ryegrass growth and clover growth. Two of the three clover cultivars (Alice and Gwenda) were more aggressive than ryegrass, even though ryegrass had the greater residual (stubble) leaf area after cutting. Clover increased its content of the mixture by means of a higher relative rate of increase of LAI and probably also by means of higher SLA than the grass. A third clover cultivar (Retor) had a higher residual leaf area than the other two but a lower SLA and higher pest damage. Hence, its light interception and aggressivity were lower.
Because of: (i) the lack of monoculture measurements in Nassiri and Elgersma's experiment to compare with the mixtures; and (ii) the influence of both soil N and N 2 -fixation on growth and competitive ability, it is uncertain how far the plant traits mentioned are directly responsible for differences in aggressivity. However, the results are consistent with other data discussed earlier in this chapter, which show that: (i) traits such as rate of increase in leaf area and SLA values are closely related to competitive ability; and (ii) there are genetic differences both between and within species. The results also showed seasonal effects in DM and leaf area composition which varied between and within species. These may have been due to different seasonal growth cycles and temperature responses.
Variation in residual leaf area was also suggested as a reason for differences in competitive ability among three types of the subtropical grass Eragrostis curvula, which invades temperate pasture grasses on the northern tablelands of New South Wales, Australia. However, in a field experiment (Robinson and Whalley, 1991 ), these differences developed over time, while variations in height and yield potential also seemed related to competitive ability. Furthermore, competitive relations between E. curvula and the temperate grasses varied throughout the year, because of temperature restrictions on the subtropical species in the cooler months and on the temperate species in summer. Preferential grazing of temperate grasses was also thought to reduce their ability to compete with E. curvula; on one occasion, severe defoliation adversely affected D. glomerata more than F. arundinacea. Thus a range of plant characteristics can affect or modify competitive relationships in field situations.
Several examples given in this chapter show how, in short-term, controlled experiments, a particular plant trait stands out in importance from others in determining competitive ability. This is especially obvious in the experiments of Black (1960 Black ( , 1961 comparing two cultivars of Trifolium subterraneum (subterranean clover) -Tallarook, with short leaf petioles, and Yarloop, with much longer petioles. The cultivars, both with prostrate stems, were grown in monocultures and replacement series mixtures at a high density, ensuring maximum sward growth rate and competitive interaction. Four serial harvests at 10-day intervals in the second month after sowing provided data on DM production and detailed sward profile information on leaf area of each cultivar and its light interception. The two cultivars held their leaf canopies in distinct bands at different heights. At all relative densities from harvest 2 onwards, Yarloop shaded and progressively suppressed Tallarook by means of its longer petioles. The competitive advantage of long petioles in providing a superior leaf profile was clearly shown. Plotting the DM yields of each species against their plant frequencies gave the 'mirror image' hyperbolic curves typical of species which are mutually exclusive (sensu de Wit). That is, they were competing for the same set of resources, as would be expected of plants so closely related. Because the experiment was very short-term and conducted under highly controlled conditions, it may be expected that the effects of other important traits may not have had the opportunity to appear.
On the basis that defoliation may reduce the shading by Yarloop and allow Tallarook to survive, Black (1963) conducted defoliation experiments with these (and other) cultivars. Recovery from complete defoliation to the leaf base was more rapid in Tallarook monoculture than in Yarloop, because of a much higher rate of appearance of new (though smaller) leaves. Furthermore, 26% of Yarloop plants died compared with 5% of Tallarook. A mixture of the two cultivars was subjected to three defoliation treatments. With no defoliation, Tallarook was at an extreme disadvantage, as before (Black, 1960) , and failed to survive. With the removal of the Yarloop leaf canopy over Tallarook (twice) but not of young leaves, an improved light regime and recovery of Tallarook was short-lived. Yarloop again suppressed it because of rapid elongation of petioles left below the cutting height. A similar result occurred when canopies of both cultivars were removed.
Thus the relation between the two cultivars in the mixture depended on the light energy available to each, as determined by relative heights of leaf canopies. Whilst complete defoliation may have allowed the shorter-leaved Tallarook to become dominant because of its faster rate of leaf production, less severe defoliation allowed Yarloop to dominate because of its capacity for rapid elongation of petioles of developing leaves. This provides a good example of a plant trait that may have an overriding effect on competitive relationships, unless measures are taken to reduce its effects, bringing another trait to the fore or perhaps avoiding the interplant reaction altogether. Thus, when Yarloop was found to have a high content of oestrogen, which reduced the fertility of ewes grazing the cultivar, the strategy recommended to farmers to replace it with a non-oestrogenic cultivar was to prevent seed set for a couple of years to reduce soil seed reserves and regeneration capacity, before sowing the new cultivar.
Petiole length is important in subterranean clover because of the plant's prostrate growth habit and planophile (horizontal) leaf blade positioning. In mixtures of clovers with grasses, shorter petiole clovers may still be able to position leaves to receive light that passes between grass leaves, as found by Woledge (1988) for white clover in tall-growing grass. Legumes with an upright habit, such as lucerne and red clover, have a greater capacity to compete for light than those with a prostrate habit (Rhodes and Ngah, 1983) .
Lateral spread by stolons and rhizomes enables plants to explore unoccupied space ahead of a competitor. This 'foraging' capacity and any competitive advantage will depend on the length and density of these organs. Cultivars of white clover have been shown to differ in these respects. Rhodes and Evans (1993) found that stolon density in spring varied from about 20 to 120 m m −2 . Over this range, the greater the length of stolon, the greater the annual yield of white clover. Stolons exposed to light are capable of photosynthetic activity of 12-22% (on a unit area basis) of that in the leaves (Chapman and Robson, 1992) .
Plants with larger stolon or rhizome biomass tend to be more persistent and more competitive than plants with smaller organs (Thom et al., 1989) . Thomas (1984) compared the competitive ability of the white clover cultivars Olwen (large leaf ) and S 184 (small leaf ) growing with perennial ryegrass. S 184 grew below the cutting height and this resulted in almost double the stolon weight compared with the uncut control. This larger stolon weight enhanced the rate of growth of S 184 during recovery from drought.
Effects of symbiotic N 2 -fixation and mycorrhizal infection
Symbiotic N 2 -fixation confers greater competitiveness on legumes in respect of associated grasses. This was clearly illustrated by de Wit et al. (1966) in an experiment where the legume was sown with and without rhizobial inoculation and nodulation. The results also suggested that, over a period of seven harvests, there was a transfer of N from legume to grass, which helped maintain the competitiveness of the grass. Results from this and other experiments raise the question of whether differences in N-fixing capacity in legumes can be associated directly with differences in competitive ability with respect to grasses. Such differences in N 2 -fixation exist. For instance, Goodman and Collison (1986) found that Olwen white clover produced more DM and fixed more N than S 184 white clover and that the associated grass assimilated more N when grown with S 184 than with Olwen. One objective of plant breeding is to increase the competitiveness of pasture legumes (see Tow and Lazenby, Chapter 1, this volume). The question arises as to whether this can be done simply by selecting for higher legume productivity or whether efficiency of N 2 -fixation must also be considered. Complexity is increased by the exchange of N between legume and grass (see section on Genotypes as Regulators of Competitiveness in Pasture Plants).
Another source of complexity in the determination of traits related to competitiveness is the occurrence of vesicular arbuscular mycorrhizas (VAM) in plant roots. Mycorrhizae occur widely in the field but infection with these fungi varies among species. For example, Goodman and Collison (1981) found that Lolium perenne cv. S23 had more mycorrhizae than Trifolium repens cv. Olwen roots, resulting in ryegrass absorbing more 32 P than clover, especially from deeper soil layers. Cultivar differences in ability to become infected by VAM are also known. For example, Hall et al. (1977) found that, when they inoculated white clover cultivars with VAM, cv. Tamar had more of its roots converted to mycorrhizae and was more mycotropic than cv. Huia. Inoculation with VAM stimulated the uptake of soil phosphorus (P) and enhanced the growth of the clovers at low levels of P, an effect which might be expected to improve the competitiveness of the clovers.
Carbon dioxide fixation pathways
Plants possessing the C 4 carbon fixation pathway have the potential to be more competitive than those with a C 3 pathway, because of higher rates of photosynthesis and higher water use efficiency (Hatch and Slack, 1970; Ludlow and Wilson, 1972) . However, Pearcy et al. (1981) found that a C 4 agricultural weed, Amaranthus retroflexus, and a C 3 weed, Chenopodium album, had different photosynthetic temperature response curves, so that, while Amaranthus had higher rates of photosynthesis than Chenopodium at day/night growth temperatures of 34/28°C, their rates were similar at 25/18°C, and Chenopodium had higher rates than Amaranthus at 17/14°C. The ability of Amaranthus to maintain high mesophyll conductances due to the presence of the C 4 pathway accounted for its photosynthetic advantage over Chenopodium at higher temperatures. Competitive abilities of the two plants in mixtures were measured using de Wit (1960) replacement series and diagrams of the resulting DM yield at 52-60 days. The shift in relative competitive abilities with growth temperature showed a very close parallel to the photosynthetic responses: competitive abilities were about the same at the growing temperatures of 25/18°C. Chenopodium was by far the stronger competitor at 17/14°C and Amaranthus at 34/28°C. Those competitive outcomes were determined primarily by differences in relative growth rates, which were visibly discernible prior to canopy closure at 2-3 weeks of age. Seedlings of the two species were the same age and size at the beginning of the experiment.
In contrast to the temperature and photosynthetic effects, the imposition of water stress in another experiment did not favour the C 4 species competitively. Other investigators have shown the dominating effect of temperature on the competitive relationships between C 3 and C 4 grasses. For example, Christie and Detling (1982) showed that soil N supply had little effect on relative crowding coefficients compared with the overriding effect of temperature. Other examples of temperature effects on competition between C 3 and C 4 grasses are discussed in relation to temperature adaptation (see section on Environmental Adaptation as a Regulator of Competitiveness -Temperature).
Carbohydrate reserves
The amount of carbohydrate reserves in storage organs has been related to persistence of plants in response to environmental and competitive stress. Persistence may vary among genotypes subjected to adverse environmental and management conditions. It is important to know how persistence is affected by the additional stress of interspecific competition. Smith et al. (1992) compared the persistence and productivity of four cultivars of Medicago sativa (lucerne/alfalfa) under continuous grazing, a management that is generally detrimental to lucerne persistence because of depletion of carbohydrate reserves in the root and crown. The cultivars selected for testing were expected to vary in their tolerance of continuous grazing and were grown in monoculture and mixture with tall fescue. After 3 years of continuous grazing, the mean density of the cultivars was 57, 41, 5 and 4 plants m −2 in pure stand and 17, 9, 0 and 1, respectively, in mixture. Superior persistence was associated with the maintenance of higher levels of total non-structural carbohydrates (TNC), as well as some other factors, such as disease tolerance. Overall, it was found that the traits that assisted two of the cultivars to persist better under the stress of continuous grazing also conferred superior persistence under the additional stress of competition from tall fescue.
Accumulation of carbohydrate reserves and their mobilization after removal of stress may also confer a competitive advantage over a plant with fewer reserves. This appears to have been the case in mixed pasture of the subtropical grass Paspalum dilatatum and the temperate grass L. perenne in the temperate environment of the North Island of New Zealand (Thom et al., 1989) . The survival of paspalum through the cold winters was aided by underground rhizomes, which increased in biomass from 1.6 t ha −1 DM in December to 4.4 t ha −1 DM in May, while its non-structural carbohydrate (NSC) content increased from 6% to 19% (much higher than that of ryegrass). N accumulation in rhizomes was also high. Levels of biomass, TNC and N in rhizomes were high enough to ensure survival of paspalum in winter and give it a good start in spring, and it tolerated summer temperatures and moisture stress better than ryegrass.
The accumulation and use of NSC may vary between cultivars of the same species and this may affect competitive ability. Nurjaya (1996) found that the white clover cultivar Huia accumulated NSC particularly in stolons, while cv. Olwen accumulated more in roots. The higher competitiveness of Olwen with perennial ryegrass seemed to be related to its mobilization of greater amounts of NSC from its roots.
Genotypes as Regulators of Competitiveness in Pasture Plants
The discussion in previous sections of this chapter indicates that many heritable traits may be involved in determining the competitiveness of one geno-type with respect to another. Some of such traits vary within as well as between species. For instance, in perennial ryegrass, one of the most intensively studied pasture species, clones within varieties have been shown to vary markedly in response to N (Lazenby and Rogers, 1965) and in root growth (Ennik and Baan Hofman, 1983) , features likely to be closely related to competitive ability. As discussed earlier in this chapter, more than one trait may affect competitive ability, especially over the development of a plant from seedling stage to maturity. Thus, while certain morphological or physiological features may be characteristic of particular genotypes, their influence on competitiveness may not be constant. The question arises as to how far competitive relations in pastures are regulated by the particular mix of component genotypes, either naturally in 'natural' pastures or by choice of cultivars in sown pastures. Aarssen (1983) has argued that genetic variation will occur in populations, for relative competitive ability, in terms of either 'ability of an individual to reduce the availability of contested resources to another' or 'the ability to tolerate reduction in contested resource availability by another'. She also argued for genetic variation in niche requirements. This would allow partial avoidance of competition between individuals, which is generally regarded as a requirement for coexistence in different genotypes. Aarssen regards the number of genes controlling the above characteristics as very large and envisages a continuum of selection processes, recombinations, mutations and gene flows in populations, which will regulate competitive measures among constituents. This process will produce cases of both coexistence and competitive exclusion. Given that one species in a population starts as a stronger competitor than another, the selection pressure of competition over time may result in avoidance of competitive interaction through niche differentation (termed selection for 'ecological combining ability'). Here, the two species are not competing for the same 'space', so have the opportunity to coexist and achieve a relative yield total (RYT) greater than 1 (sensu de Wit). Alternatively, selection may result in increased competitive ability in surviving plants of the initially weaker competitor. This could be classed as a case of genotypes regulating competitiveness. Such regulation requires in a weaker competitor the potential to generate and propagate new genetic variants with increased competitive pressures. The trend towards less difference in competitiveness between species is seen as giving more chance of coexistence ('competitive combining ability'). Reciprocal selection may also be involved in the maintenance of near-equal competitive pressures between genotypes of species in a population.
This theory has been supported by further research of Aarssen (1989) and Aarssen and Turkington (1985) . Research undertaken with mixtures of naturally occurring genotypes of T. repens and L. perenne by a number of people has indicated that natural selection leads to the adaptation of T. repens to site effects and to interspecific competitors (Lüscher et al., 1992 ; see also Peltzer and Wilson, Chapter 10, this volume). Lüscher et al. (1992) , in a competition experiment designed to eliminate weaknesses of former experiments, found that the Lolium genotype × Trifolium genotype combinations that were sampled as immediate neighbours in the field had a higher percentage of clover than those combinations in which the two components came from different neighbourhoods. A higher percentage of clover indicated an increasing competitive ability of Trifolium relative to Lolium and appeared to be in agreement with Aarssen's theory (see above) that natural selection may result in an increase in the competitive ability of the inferior competitor, since the superior one acts as a selective agent. In this natural pasture, Trifolium was in the minority quantitatively and thus regarded as the inferior competitor.
Understanding those characteristics which confer greater competitiveness on legumes would be useful for breeding and selection of genotypes that are higher-yielding and more persistent in association with grass. However, this is a complex matter and it is necessary to appreciate the implications of having more competitive legumes. For instance, Goodman and Collison (1986) compared the clover varieties Olwen and S184, using ammonium and nitrate sources of 15 N to measure N recovery from fertilizer and soil, N 2 -fixation and N transfer from clover to grass. At a lowland site, Olwen produced more DM, took up more 15 N and fixed more N than did S184. In contrast, soil N uptake by the companion grass with Olwen was less than in the grass growing with S184. This difference was attributed to a greater competitive ability of Olwen for mineral nutrients. Evans et al. (1990) also found in a rotationally grazed experiment that, while the yields of cultivars Olwen and Nesta were about the same in each of 3 years, the yield of the associated grass was consistently higher in Nesta, leading to higher total mixture yields. They stressed the importance, for low-input systems, of a choice of clover variety that can increase grass production and improve spring growth of swards without input of N fertilizer. This suggests that highly competitive clover cultivars may not be appropriate for such a system, i.e. where soil N levels are low. Collins and Rhodes (1989) also found large interactions between clover and grass genotypes for clover yield in the mixture. Similar results were also reported by Widdup and Turner (1983) for comparisons of four white clover cultivars grown with perennial ryegrass under grazing. The lowestproducing clover cultivar in both monoculture and mixture (Kent) was associated with the highest yield of associated grass; the opposite occurred with the highest-yielding clover (Pitau). In this experiment, there was little, if any, improvement in total herbage yield in the most grassy mixture, although a high proportion of grass could be regarded as beneficial in ensuring a reliable distribution of herbage through the year in low-fertility environments. Pitau white clover, in contrast, could be more valuable in high-fertility areas (being also adapted to high grazing frequency).
Another example of the effect of genotype on the proportions of grass and legume was provided by McCloud and Mott (1953) . They grew a single cultivar of lucerne with a number of temperate grasses separately. Yields of the mixtures were similar, but grass : legume ratios varied widely. The grass : legume ratio may vary not only according to relative competitive abilities and net transfer of N from legume to grass, but also to relative seasonal growth potentials (presumably determined by temperature responses), as found by Ledgard et al. (1990) for New Zealand white clover cultivars.
The relation between net N transfer and relative competitive abilities of legumes and grass may also be modified by environment. Tow et al. (1997a, b) found that a net transfer of N from lucerne to the tropical grass Digitaria eriantha and/or a higher DM yield from the mixture than from either monoculture occurred at summer temperatures, where lucerne was at a relative disadvantage competitively. A review of literature showed that a net transfer of N from lucerne to a tropical grass had occurred in some experiments but not others. The various results suggested that the grass benefits from a transfer of N when lucerne aggressiveness is somewhat reduced, but that soil N mineralization and grass growth are increased by high temperature and adequate moisture. Under conditions of low soil N, the mixture then outyields both monocultures if the improvement in grass from increased N outweighs any restriction in lucerne growth.
As foreshadowed by discussion earlier in this section, grass genotypes within species also vary in competitive ability. Thus, when Evans et al. (1985) found that their white clover genotypes, selected from a range of European natural pastures, were more productive growing with particular ryegrass genotypes associated with them in those pastures than when grown with two local Welsh ryegrass genotypes, they also found that clover yields differed markedly according to which Welsh genotype was associated. As emphasized by Aarssen (1983) , in agreement with the terminology of de Wit, competitive ability has meaning only in a context relative to other competitors. This does not preclude the identification of legume genotypes with generally superior competitive ability. However, when defining the role of genotype in determining or regulating competitiveness and competitive relations, it should be more meaningful to deal with combinations of genotypes rather than individuals. In the practical sense, this accords with the conclusion of Collins and Rhodes (1989) that clover genotypes should be tested in mixture with a range of companion grasses and that particular grass : legume mixtures should be tested against a range of standard mixtures.
Environmental Adaptation as a Regulator of Competitiveness
Environmental factors (climatic and edaphic) can be expected to modify the expression of morphological and physiological plant traits that determine competitive relations between genotypes. Experiments that relate plant response to environmental factors to competitive effects are relatively few. Where the effect of environmental factors on competition between two species is being assessed, it is at least necessary to grow the plants in monocultures, as well as in mixture. Only then can both a measure of the response of each species to environmental change and the indices of competition (e.g. relative crowding coefficient, aggressivity or relative replacement rate (RRR)) be determined.
Temperature
As indicated in the section on Morphological and Physiological Traits Affecting Competitiveness, temperature can have a marked effect on the competitive relations between genotypes. The temperature effects are of particular relevance where the occurrence of rainfall in both the cooler and warmer times of the year and the absence of killing extremes of temperature allow both cool-and warm-temperature plants to grow, albeit at different times of the year. Such conditions occur, for example, in parts of New South Wales (Australia), the North Island of New Zealand and the southern USA. If the two types of plant can exist in the same mixed pasture, their complementary temperature responses can facilitate the provision of year-round feed and more stable pasture yields (Harris et al., 1981) . Harris et al. (1981) studied competition between P. dilatatum (paspalum) and L. perenne (perennial ryegrass) over 12 combinations of temperature and cutting treatments, using monocultures and mixtures and 2-and 4-weekly harvests. The different temperature responses of the two species were reflected in their relative competitive abilities. Overall, paspalum was the stronger competitor at day/night temperatures of 24/18°C and ryegrass at 14/8°C. However, infrequent cutting allowed ryegrass to become more competitive at the higher temperatures. Transfer from high to low temperatures strengthened ryegrass dominance, especially under frequent cutting. With transfer from low to high temperature, paspalum recovered rapidly from earlier suppression only when cutting was frequent.
The study shows that, although temperature adaptation has a dominant role in regulating competition between these species with different temperature response curves, these patterns of competitive relationships may be modified by other factors -here defoliation frequency. This is also illustrated by the multifactorial experiments of Cook et al. (1976) , comparing the responses of L. perenne and Bothriochloa macra (a summer-growing, Australian native grass) to temperature, moisture, nutrient supply and defoliation. Day/night temperature regimes were 16/10°C, 23/17°C and 31/25°C. Competition was calculated as the RRR of Lolium with respect to Bothriochloa between two harvests. Temperature responses of monoculture yields and RRR of Lolium with respect to Bothriochloa followed the same pattern. Lolium was superior to Bothriochloa at 16/10°C, Bothriochloa was far superior at 31/25°C and the two were similar at 23/17°C. However, moisture and soil fertility interacted strongly, in terms of RRR, Lolium gaining relative to Bothriochloa under high fertility and in the absence of moisture stress. Bothriochloa was at a competitive advantage under the combined conditions of moisture stress and low fertility. These moisture-fertility effects were similar in each temperature regime. Thus moisture stress modified the effects of temperature on competition between the two species.
Similar findings were reported by Tow et al. (1997c) for relationships between Digitaria eriantha (digitaria, a tropical C 4 grass) and M. sativa (lucerne, a C 3 legume). The species were sown in monoculture and a 50 : 50 mixture in all combinations of two day/night temperature regimes (spring, 24/12°C, and summer, 33/19°C), three moisture regimes (periodically droughted, intermediate/nonlimiting and periodically flooded) and two levels of N (with and without N application). Digitaria DM production was much higher at summer temperatures and lucerne at spring temperatures. However, there was a significant species × temperature × moisture × N interaction. Of particular relevance here is the fact that lucerne was more adversely affected by droughting and flooding than digitaria, especially at summer temperatures. These differences in environmental adaptation were translated into corresponding differences in relative competitiveness, as determined by trends in relative yield ratios over six harvests (Fig. 3.1) . The outcome was that, overall, digitaria became increasingly competitive over time at summer temperatures but the two species tended towards equilibrium at spring temperatures, especially in the intermediate moisture regime. Thus, conditions that favoured lucerne competitively and the development of equilibrium were those to which lucerne was best adapted.
Soil chemical and physical conditions
It seems reasonable to expect that plants growing in edaphic habitats to which they are adapted may be more competitive than associated plants that are less well adapted. Botanists have long quoted examples of such principles. For instance, Clements et al. (1929) give examples of Nageli's 1865 and 1874 writings: 'competition favours those adapted to a particular habitat'.
It is possible for a species to dominate in a soil of a particular holard, but in another to be suppressed or excluded. This is the situation with Primula officinalis and Primula elatior. When both occur together, they sometimes exclude each other almost completely, the one preferring the drier and the other the moist areas. Each is the more dominant in its own habitat, where it is able to suppress its competitor, but when one alone is present, it is much less exacting. Clements et al. (1929) and also Begon et al. (1996 ) quote Tansley's (1917 experiments with Galium silvestre (now Galium pumilum) and Galium saxatile (now Galium hercynicum) on calcareous and acidic soil types. When grown separately, both species grew well on both types of soil. However, when grown together, competition between the two resulted in G. pumilum being confined to the calcareous soil and G. hercynicum being confined to the acidic soil. In this example, differences in the distribution of the two species were attributed to differences in adaptation to soil conditions, which only became apparent when the two species were grown together. Because monocultures of both species appeared to grow equally well on each soil type, the results do not necessarily lead to the conclusion that the stronger competitor in each soil environment was the better adapted to that environment. However, from a practical viewpoint, they signify the value of evaluating pasture cultivars for particular soil conditions in association with the plants which will be grown with them. This has proved particularly important in testing new legumes to grow with grasses. Snaydon (1971) also found that differences in competitive ability between white clover strains growing on calcareous and acidic soils varied with the origin of the strains. He grew monocultures and mixtures of white clover strains originating from the calcareous and acidic soils and measured growth to a single harvest. The effect of root competition upon the plant yield of the populations indicated that the strain from acid soil had greater root competitive abilities on acid soils, while the strain from calcareous soil had greater root competitive abilities on calcareous soil. This is in keeping with the premise that competition favours plants best adapted to the environment.
The question of adaptation to acidity or alkalinity (soil pH) was examined by van den Berg (1968) for a comparison of common bent (Agrostis tenuis), an indicator of poor, acid soils, and cocksfoot (D. glomerata), an indicator of fertile, slightly alkaline soils. The pH of the poor, acid, sandy soil was adjusted with CaCO 3 to give pH values of 4.2, 6.2 and 6.7. These were combined with two NPK levels. Competition was studied by measuring yields of monocultures and mixtures in replacement series, over 16 harvests. The effect of the treatments over this period of time was more complex than expected. The considerable response of monocultures of both species to CaCO 3 addition at the low NPK level disappeared at high NPK, indicating that pH within this range affects growth only under low-fertility conditions. Cocksfoot was consistently the stronger competitor at high fertility, for all pH levels, and it suppressed the bent completely after harvest 5. The rate of suppression was increased by a fungal infection in the bent, not apparent at low fertility. At low fertility, for a few harvests, cocksfoot tended to lose competitively to bent, especially at pH 4.2, but it gained competitively over the remaining harvests. Thus, the adverse effect of low pH on the competitiveness of cocksfoot was confined to the establishment phase. Van den Berg (1968) also showed the importance of pH in the establishment phase in an experiment to study competition between perennial ryegrass and common bent: ryegrass was initially more competitive at higher than at lower pH values, but, during the first year, common bent gained competitively on ryegrass, regardless of pH, and this trend continued in the second year. Competition between ryegrass and four other grasses was also found to be influenced by pH only in the early, establishment phase of the pasture.
Although the influence of pH on competitivness may operate only in the early stages of a pasture, its effect on relative population densities may persist for longer. Van den Berg (1968) found that the results of the above experiments were consistent with the proportions of various grasses in the field at high and low pH. The application of lime with seed at sowing may preclude the short-term adverse effects of low pH on competition between pasture species. Favouring desirable species that are more competitive at high levels of soil fertility (e.g. cocksfoot) should be achieved by the regular application of nutrients.
Several other examples exist of correlations between soil pH and the composition of pastures, e.g. Robinson et al. (1993) for a mixture of exotic and native grasses and Simpson et al. (1987) for mixtures of T. repens, L. perenne and A. tenuis. Some effcts of pH have been traced to toxic levels of available manganese and aluminium at low pH levels. Thus Scott and Lowther (1980) found that the superior competitiveness of Lotus pedunculatus over Huia white clover in acid, infertile soil was due to the intolerance of Huia to high levels of aluminium in the soil solution and its lower ability than the lotus to absorb phosphorus. The competitive ability of white clover relative to lotus was improved by additional application of phosphorus fertilizer.
The effect of level of adaptation to low pH and accompanying high aluminium levels in strains of Phalaris aquatica and D. glomerata on competitive interaction on different soil types is discussed by Wolfe and Dear (see Chapter 7, this volume) .
Many other experiments have suggested that competitiveness of one pasture species in respect of another varies with level of soil nutrients, although relatively few experiments are designed to measure an index of competition. Van den Berg (1968) compared the competitive relations of perennial ryegrass and couch grass (E. repens) at four levels of NPK fertilizer over four harvests, using a replacement series. At the lowest level, ryegrass was clearly the stronger competitor, but couch grass improved its competitiveness with increasing fertilizer, until, at the highest rate, the two species were equally matched. The increasing competitiveness of couch grass with rising fertility was associated with a greater DM increase (in both absolute and percentage terms) in couch grass monoculture than in ryegrass monoculture. Yet the level of DM yield was consistently higher in ryegrass than in couch grass at all levels of fertility. Thus, to define adaptation to soil nutrient conditions for comparison with competitiveness, DM responses over a range of nutrient levels should be more useful than absolute levels of yield of each species. In practical terms, couch and ryegrass should have the best chance of coexisting where soil fertility levels are high. Allowing nutrient levels to decline in a pasture is very likely to change the relative competitiveness of the components.
The level of a single nutrient may influence the relative competitiveness of pasture species. This is illustrated by the pot experiment of Hall (1974 Hall ( , 1978 , in which he studied the influence of potassium (K) level on competition between the tropical grass Setaria anceps cv. Nandi and the tropical legume Desmodium intortum cv. Greenleaf. Monocultures and mixtures in a replacement series were grown at two levels of K. The DM and nutrient yields were presented as the totals for two harvests. The addition of K produced only a small response in DM yield in the monocultures of both species, but had a marked effect on their relative competitiveness in mixture ( Fig. 3.2) . At low K, desmodium was a relatively poor competitor for the uptake of N, P and K, especially K, and thus also in terms of DM. The product of the relative crowding coefficients and the RYT for K was about 1, signifying that the two species were mutually exclusive (sensu de Wit) in respect of competition for K. However, values for P and DM were a little higher than 1 and for N even higher. This indicated that symbiotic N 2 -fixation supplied at least some of this element. In contrast, at high K, desmodium was much more competitive in terms of N, P, K and DM. The relative crowding coefficient of setaria also remained quite high at low N. The outcome, therefore, was that RYTs were much higher than 1, which was probably due to a higher level of symbiotic N fixation in the legume at the higher level of K.
As far as this short-term pot experiment can show, monoculture DM yields did not indicate differences in adaptation of the two species to low or high levels of K. Differences were only revealed by comparison of relative crowding coefficients. Differences in relative yield totals also showed that N fixation was improved, under competitive stress, by the application of additional K. These results do not show whether the benefit of K was to the plant or to the plant-rhizobium relationship. The uptake of soil mineral N by the legume and the transfer of N from legume to grass may also have influenced competitive relationships. Thus, while it can be said that setaria was strongly competitive at both low and high levels of K and desmodium was much more competitive at high than at low K, it is not clear how this can be related to the concept of environmental adaptation. From a practical point of view, however, stable grass-legume relationships will only be achieved where the competitive outcome of varying nutrient levels is known and acted on. A similar type of study was conducted by Gillard and Elberse (1982) . They compared the effects of low and high levels of P and N on competition between the tropical grass Cenchrus biflorus and the tropical legume Alysicarpus ovalifolius. The species were grown in monocultures and mixtures in a replacement series and were harvested once only (Fig. 3.3) . At low N, addition of P improved the monoculture productivity of Alysicarpus, but the improvement in its competitive ability relative to Cenchrus was quite small. The legume maintained a good competitive status (relative crowding coefficient 0.8) at low P by being able to function with low levels of P in its tissues (0.12%), similar to those of the grass. Even at low P, RYTs were greater than 1, indicating good N fixation in competition with Cenchrus. In the high-N treatments, Alysicarpus was less competitive than at low N, because of shading by the tall growth of Cenchrus. The grass had its highest values for relative crowding coefficient (16.5) at high N/high P. Yet, as occurred at low N, the relative crowding coefficient of the legume at high N was almost the same at low and high P.
Thus, in terms of competitive ability with respect to Cenchrus, Alysicarpus was adapted to be almost equally competitive at high and low P, at both high and low N levels. It was less competitive overall at the high N level, where Cenchrus was more productive and competitive. However, even in this situation favouring the grass, reduction of shading by defoliation would probably have assisted the legume competitively. A legume able to compete satisfactorily with a grass over a range of available N and P levels would be a useful component of a pasture subject to variable inputs of plant nutrients.
The above experiments show how variations in plant nutrient status affect the competitive ability of one species in respect of another. From such experiments, however, it is difficult to identify an adaptive feature or mechanism in the plants, related to their nutrient status or their response to nutrients, which may be regarded as regulating competitiveness.
With grass-legume relations, it is also difficult to separate the effects on competition of the response of the plant to added nutrients and the response of the symbiotic system. Progress can be made if the legume is grown with and without rhizobial inoculation and N 2 -fixation, as shown by de Wit et al. (1966) . They grew a tropical grass, Panicum maximum var. trichoglume cv. Green panic, and a legume, Glycine javanica (now Neonotonia wightii) cv. Tinaroo, in monocultures and mixtures in a replacement series over seven harvests. Figure  3 .4 summarizes the treatment differences that developed consistently over the experiment The with-and without-rhizobium treatments were applied at low and high levels of N. Without rhizobium and at low N, Neonotonia made very litle growth and competed very poorly. With rhizobium at low N, the legume grew well and was strongly competitive. At high N, even without rhizobium, the legume grew well in both mixture and monoculture. Although the weaker competitor, it was not severely suppressed and it gained competitively with time. With both rhizobium and high N, the legume was strongly competitive. This experiment separated the effects of rhizobial N and mineral N on the competitiveness of the legume in relation to the grass. It shows that Neonotonia is more competitive at high levels of available mineral N, even in the absence of rhizobium, although the reason for this remains to be determined. The monoculture yields of DM and of N (apart from the treatment without rhizobium at low N) were not very different from each other, and so could not be used to predict the outcomes of competition.
The studies discussed in this section assist in defining how competition is influenced by changes in soil conditions and thus in making management decisions, but specifically designed experiments are needed to explain competition effects in terms of plant-soil relationships.
Conclusions
Many plant morphological and physiological traits have been shown, experimentally, to be associated with the superior competitiveness of particular genotypes relative to others. These characteristics, which include potential growth rate, LAR, SLA, root mass, rapid or prolonged root growth, SRL and recovery from defoliation, all point to the linking of superior competitive ability with ability to pre-empt resources of light, nutrients and water. However, the absolute or relative importance of various traits and even the outcome of competition may change with: (i) stage of plant development; (ii) plant population density; (iii) the degree to which a genotype retains mineral nutrients or carbohydrate reserves in its tissues for use in times of environmental stress; and (iv) morphological and physiological response to environmental change (especially temperature), grazing (defoliation) and soil nutrient status (e.g. N).
Genetic variation has been found to occur both between and within species for relative competitiveness. In natural or long-established pastures, such competitiveness may be modified over time by gene flows and natural selection, which may facilitate competitive exclusion in some cases and coexistence in others. Experiments with a range of grass and clover genotypes (especially ryegrass and white clover) suggest that they can be selected for coexistence, with higher or lower proportions of either component as required. The selection of 'balanced' or 'compatible' grass-legume associations depends on relative competitiveness, along with the capacity for N 2 -fixation in the legume and the 'transfer' of N for use by the grass.
Differences between pasture species in their DM response to temperature (e.g. tropical vs. temperate) have been translated to parallel differences in relative competitiveness in mixtures of these species over a range of temperatures. There is also evidence for similar parallelism between competitiveness and adaptation to high and low extremes of moisture and temperature × moisture interactions.
However, few experiments show parallelism between relative competitiveness of genotypes and adaptation to soil conditions, in spite of striking differences in relative competitive ability under different soil conditions.
The lack of parallel adaptation to pH may be because the effect of pH is restricted to the establishment phase of some species or is confounded with soil nutrient status or levels of potentially toxic elements, such as aluminium and manganese. Relative competitivenes has also been shown to vary with level of 'soil fertility', i.e. with general level of all nutrients and with level of availability of particular nutrients (e.g. potassium). The experiments reviewed do not show a consistent parallelism of relative DM responses to nutrient supply and relative competitiveness. Some increased understanding is gained by measuring nutrient content and concentration in both monocultures and mixtures and by conducting the investigation over several harvests. In the case of grass-legume competition, growing legumes with and without rhizobial inoculation allows a separation of effects on competition of the response of the plant to added nutrients and the response of the symbiotic system.
Research reviewed in this chapter provides many examples where competitiveness is closely linked to genotype (with associated traits) and environmental characteristics. This information assists in regulating competition in pastures. However, more purposefully designed experiments are required to enable the roles of genotype and environmental adaptation in regulating competitiveness to be more clearly defined.
